Introduction
Open neural tube defects (NTDs) (myelomeningocele or meningocele) occur in 1 in 1000 pregnancies in the USA. 1 They result from failure of fusion of the caudal region of the neural tube and are one of the most common congenital structural anomalies. 2 Despite significant advances in the prevention, diagnosis, and treatment of fetal NTDs in recent decades, 3 the optimal mode of delivery remains unclear.
There is controversy as to whether caesarean delivery is beneficial and improves outcomes for infants with NTDs. 4 Theoretically, traction on the neural placode is worse during vaginal delivery and this traction could negatively impact neurological function. Additional concerns during delivery include sac disruption and exposure to sources of infection at the future surgical site. Multiple studies have evaluated various neurological outcomes comparing vaginal and caesarean delivery with conflicting results. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] The impact of labour itself, rather than the actual mode of delivery, has also been considered a factor in neurological outcomes, though fewer studies have evaluated the impact of exposure to labour. 8, 12 Luthy et al. 12 was the first to evaluate motor function at 2 years of age comparing infants with open NTDs exposed to labour with those delivered by caesarean prelabour. They found that prelabour caesarean delivery resulted in significant improvement in level of paralysis at 2 years compared with labour followed by caesarean or vaginal delivery. A subsequent study using similar methodology did not corroborate these findings. 8, 12 Given the conflicting results of previous studies and the continued debate as to the optimal labour and delivery management of pregnancies complicated by open NTDs, the objective of this systematic review and meta-analysis was to compare neurological outcomes among infants with open NTDs delivered by caesarean delivery compared with vaginal delivery. We hypothesise that caesarean delivery does not confer a benefit in terms of neurological outcomes.
Methods

Sources
This study was conducted according to MOOSE guidelines for conducting and reporting meta-analyses of observational studies. 20 An a priori research protocol was developed that outlined the research questions, outcome measures, search strategy, study eligibility criteria, and planned analyses, including analyses of caesarean versus vaginal delivery and prelabour caesarean versus exposure to labour followed by caesarean or vaginal delivery. The databases MEDLINE, Embase, Scopus, and Clinicaltrials.-gov were searched from inception to 30 November 2017 by investigators for eligible studies using a combination of the following key words: 'neural tube defect', 'myelomeningocele', 'mode of delivery', 'caesarean', and 'delivery' (Appendix S1). Searches were not limited by geographic region or language. References of included studies were also searched for additional eligible studies. Authors were contacted for additional information if required.
Study selection
Two reviewers (MCT and AAN) independently reviewed abstracts and full-text articles. Eligible studies included observational studies comparing vaginal and caesarean delivery in women who did not undergo prenatal repair of NTDs. Disagreements about study eligibility were resolved by discussion and consensus.
Outcomes
The primary outcome was the difference between the motor and anatomic level of paralysis. The motor-anatomic difference was determined by subtracting the anatomic level of the lesion from the motor level, expressed as numerical values by vertebral level. Secondary outcomes included shunt requirement, sac disruption, meningitis, and ambulation at 2 years. Sac disruption was defined as leaking of cerebral spinal fluid or rupture of the sac. Ambulation at 2 years was grouped by independent ambulation or ambulation with assistance versus not ambulatory or wheelchair-bound. Studies with more than two groups (prelabour caesarean, labour plus caesarean and vaginal delivery) were combined into two groups (prelabour caesarean versus labour and caesarean versus vaginal delivery) for analyses.
Data extraction
Standardised forms were used to extract data from eligible studies. These forms included name of the author, year of publication, study design, study period, country of origin, number of participants, mode of delivery, and outcomes. Data were collected by one author (MCT) and reviewed by a second author (AAN).
Assessment of risk of bias
Study quality was assessed by the two reviewers (MCT and AAN) using the Newcastle-Ottawa scale for observational studies. 21 Bias assessments included: (1) representativeness of the exposed cohort, (2) selection of the non-exposed cohort, (3) ascertainment of exposure, (4) demonstration that outcome was not present at start of the study, (5) comparability of cohorts on the basis of the design or analysis, (6) assessment of outcome, (7) length of follow up, and (8) adequacy of follow up. There is no established cut-off for high-versus low-quality studies using the Newcastle-Ottawa scale; however, we arbitrarily established a total score cut-off of seven or greater to be indicative of high quality, as have previous authors.
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Data synthesis
Meta-analysis was performed and mean difference or odds ratios with 95% confidence interval were calculated using random effects models. All analyses were two-tailed with a statistical significance threshold of P < 0.05. Statistical heterogeneity was assessed using I 2 . Publication bias was evaluated by visual inspection of a funnel plot of study treatment effect. All statistical analyses were performed using REVIEW MANAGER (REVMAN) version 5.3 (Copenhagen: The Nordic Cochrane Centre, The Cochrane Collaboration, 2014).
Results
Study characteristics
We identified nine studies that met our inclusion criteria including 672 women; 327 who underwent vaginal delivery and 345 who underwent caesarean delivery (Figure 1) . Characteristics of included studies are summarised in Table S1 . One study was a prospective cohort study while the other eight were retrospective cohort studies. Seven of the nine studies were conducted in the USA. The cohort sizes ranged from total n of 25-160.
Synthesis of results
There was no difference in motor-anatomic difference comparing the vaginal and caesarean groups (mean difference À0.10, 95% CI À0.58 to 0.38; I 2 = 57%) ( Figure 2 ). There was a significant decrease in shunt requirement and sac disruption associated with vaginal delivery [odds ratio (OR) 0.37, 95% CI 0.14-0.95; I 2 = 0% and OR 0.46, 95% CI 0.23-0.90; I 2 = 0%, respectively] ( Figures 3 and 4 ). There was no significant difference in rates of meningitis (OR 0.53, 95% CI 0.09-3.05; I 2 = 13%) ( Figure S1 ). When outcomes were compared between prelabour caesarean and exposure to labour, there was no significant difference in motor-anatomic level difference (OR 1.29, 95% CI À0.63 to 3.21; I 2 = 89%) or ambulation at 2 years (OR 2.13, 95% CI 0.35-13.12; I 2 = 77%) ( Figures S2 and S3 ).
Risk of bias of included studies
Study quality is summarised in Table S2 . Based on the criteria used and our cut-off of seven or greater for high quality, seven of nine studies qualified as high quality. Visual inspection of the funnel plot for our primary outcome did not reveal asymmetry suggestive of publication bias (Figure S4 ).
Discussion
Main findings
Our results do not demonstrate improved neurological outcomes among fetuses with open NTDs delivered by caesarean delivery. Concerns related to labour or vaginal delivery including worsening motor function, shunt requirement, sac disruption or meningitis are not supported by the available evidence.
Strengths and limitations
Our meta-analysis is limited by the inherent flaws of included studies, namely selection bias, because all studies were cohort studies and all but one were retrospective. Further, we found moderate heterogeneity across studies. We elected not to perform subgroup analyses as there were no important factors identified to explain heterogeneity, including diversity of populations or intervention. Evaluation of the funnel plot for the primary outcome does not necessarily exclude the possibility of publication bias, especially given the number of studies included. Most of the included cohort studies were from the USA; therefore, our findings may not be generalisable outside the USA despite our attempt to include a diverse range of populations by Abstracts reviewed after duplicates removed n = 201
Full text articles reviewed for inclusion criteria n = 15
Abstracts excluded, n = 182
Unrelated to study question, n = 176 Review, n = 4 Abstract only, n = 1 Letter, n = 1
Articles included in analysis n = 9
Articles excluded, n = 8
Unrelated to study question, n = 3 Case series, n = 2 Duplicate population, n = 3 Full text added from reference review n = 2
Total full text articles reviewed for inclusion criteria n = 17 not limiting our search by geographic location or language. Finally, we were unable to account for other differences in management of labour and delivery or postnatal care of infants with NTDs by different institutions and advances in care overtime could result in different outcomes in a more modern cohort.
Interpretation (in the light of other evidence)
Several reports from the 1970s and 1980s purported that vaginal delivery of fetuses with open NTDs was potentially dangerous and detrimental. 6, 14, 19, 24 While damage to exposed meninges from the labour or delivery process is plausible, based on measured outcomes, the preponderance of evidence has not proven this theory.
Unfortunately, all studies examining this question are limited by retrospective design, small sample size, and selection bias. Most studies were published several decades ago with some cohorts dating back to the 1970s. Ultrasonographic detection of lesions has improved with most lesions now detected antenatally, which contrasts with the large proportion detected postnatally in these studies. Selection bias is perhaps the greatest issue across studies.
Though comparisons of lesion level and size were similar across groups in individual studies, patients with an antenatal diagnosis were disproportionally represented in the caesarean delivery group. Hence, fetuses were selected for caesarean based on antenatal diagnosis, suggesting that the lesions may have been larger with more severe disease, including hydrocephalus. Also, fetuses with very poor prognosis based on lesion level, size, or in utero movement may have been more strongly considered for vaginal delivery. Our finding that vaginal delivery was associated with a lower rate of shunt placement and sac disruption may be explained by the fact that fetuses with more severe hydrocephalus or larger lesions were selected for caesarean delivery. Finally, data regarding details of brain abnormalities beyond hydrocephalus (e.g. Chiari malformations) were not available for most studies.
Certain criteria have been suggested for determining optimal mode of delivery including the size of the lesion, apparent in utero function via leg movement, and presentation being breech versus cephalic. Sakala et al. 16 described an increased risk of sac disruption with largest sac diameter > 6 cm. However, the authors acknowledged that the risk 
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ª 2018 Royal College of Obstetricians and Gynaecologists of sac rupture was unchanged comparing vaginal and caesarean delivery, and that sac disruption did not necessarily correlate with traumatic delivery or infection rates. Additionally, in utero leg function has not been shown to correlate with postnatal function, 25, 26 which limits the utility of movement as a predictor of compromised function. It is important to note that most studies included fetuses with normal karyotype without severe hydrocephalus. Cases of genetic abnormality or severe hydrocephalus require a different approach given the range of fetal prognosis and consideration of risk of maternal trauma. Although a large proportion of the studies included in the systematic review were published at a time when prenatal diagnostic modalities were limited, antenatal diagnosis in most cases of open NTD in current practice allows for diagnosis of other anomalies, genetic evaluation if indicated, and a comprehensive approach to perinatal management, including mode of delivery. This allows us to take other factors detected prenatally into consideration before determining the best mode of delivery.
The impact of labour itself, rather than mode of delivery, was evaluated in only two studies. If direct trauma to the neural placode is of concern, it is hypothesised that trauma would be enhanced during contractions, particularly in cases of prolonged labour with ruptured membranes. However, this hypothesis is unproven and delivery by caesarean delivery cannot guarantee the absence of trauma. Additionally, caesarean delivery is associated with both short-and long-term morbidity for women (e.g. blood loss, infection, and morbidly adherent placenta). As the randomised trial of prenatal versus postnatal surgical repair of myelomeningocele [Management of Myelomeningocele Study (MOMS) investigators] delivered all included women by caesarean delivery, this may have led to an increase in routine caesarean delivery in this population. 27 However, current clinical guidelines from various groups acknowledge the controversy and lack of consistent data, and suggest individualising mode of delivery planning.
28,29
Conclusion
The findings of our meta-analysis suggest that available evidence does not support that routine caesarean delivery for fetuses with open NTDs improves neurological outcomes; however, available evidence is limited to small observational studies. Future studies should include consistent antenatal diagnosis and balancing of lesion level and size, and degree of hydrocephalus, ideally by randomisation.
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